A model for embolism in the sapflow process was developed, in which embolism is described as a physical process linked to real physical properties of the conduits and the thermodynamic state of water. Different mechanisms leading to embolism and their effect on water relations and especially diurnal diameter changes in a tree were examined. The mechanisms of heterogeneous nucleation, air-seeding, and bubble growth have been considered. The significance of embolism has been revealed here by examining diameter changes, which is an easily measurable quantity under field conditions. The most fundamental effects of embolism on sapflow are decrease in permeability and release of water from embolizing conduits to the transpiration stream. These can be indirectly detected by observing diameter changes. If possible changes in elasticity are not accounted for, embolism generally tends to enhance the amplitude of the diurnal diameter changes due to reduced permeability and increased tensions. In the case of reduced elasticity, embolism gives rise to smaller amplitudes of diameter changes.
Introduction
Waterflow in trees has been explained by the cohesion theory (e.g. Zimmermann, 1983) , and accordingly water in xylem is under tension. Such a transport mechanism is vulnerable to breaking of the water columns and subsequent filling of the conducting elements with air. Occurrence of cavitation and subsequent embolism of conducting elements appears to be fairly common in natural conditions (e.g. Milburn, 1991) . However, tensions developed in the xylem are not sufficient to induce homogeneous nucleation in a tree. According to the classical nucleation theory, tensions of over 100 MPa would have to be reached before the cohesive forces between water molecules would fail and water bubbles begin to form (Brennen, 1995) . Much smaller tensions will induce heterogeneous nucleation whenever foreign surfaces (impurities or solid walls) are present and the adhesive forces between water molecules and surfaces become sufficiently small (Apfel, 1970) . Also, dissolved gases can aid embolism to occur at smaller tensions but this is not considered in this study. However, a mechanism that is thought to be the most probable cause of embolism is airseeding Tyree, 1997) . Accordingly, water under tension tends to pull air from adjacent embolized conduits through w Author to whom correspondence should be addressed. pores in the pit membrane. Alternatively, stabilized air or vapor bubbles from cracks or crevices in conduit walls or solid impurities may be released and cause embolism. Air/vapor bubbles most effectively stabilize against dissolution by surface tension forces in steep hydrophobic cracks (Pickard, 1981) .
Vulnerability to embolism was studied experimentally by measuring losses in hydraulic conductivity and acoustic emissions under induced tensions (Tyree & Sperry, 1989) . Positive air pressures applied from outside the stem are also able to cause embolism by air being pushed into conduits (e.g. Tyree, 1997) . These experiments indicate that embolism is caused by air-seeding as the other mechanisms would not predict the occurrence of embolism at applied positive air pressures. The outermost conduits are presumably more vulnerable to air-seeding than the inner ones, but spatial variability is not considered here. However, the possibility that other mechanisms may induce embolism cannot generally be ruled out.
The tensions encountered by plants in their natural habitats usually exceed those required for onset of embolism. Embolism sets a limit to the water transportation capacity of trees (Tyree & Ewers, 1991) . The only way that plants can avoid large tensions and thus embolism is reduction in transpiration. Transpiration can be limited in the short term by limiting stomatal conductance to keep tensions below a certain threshold value (Sperry & Pockman, 1993) . Long-term adjustments include reduction in leaf area (e.g. Mencuccini & Comstock, 1997) or increase in hydraulic conductivity which would also reduce tension in the tree during transpiration. However, reduction in stomatal conductance or leaf area leads to limited gas exchange and productivity of the tree.
If the magnitude of embolism events is too high, a process of ''runaway embolism'' ) may occur. Embolism reduces the permeability, and a higher tension gradient and thus more negative pressures are needed to transport a constant amount of water throughout the tree when the tension of water in the ground remains constant. More negative pressures would then lead to a higher degree of embolism and a cycle of positive feedback will be established. As a result, all the conduits tend to fill with gas, water transport thus ceases and the plant dies.
Tension in the xylem also drives xylem diameter changes. Conduits can contract and expand elastically, resulting from variations in water tension mediated by adhesion between water molecules and conduit walls (Irvine & Grace, 1997) . The aim of the present work is to (a) describe sapflow and embolization as physical processes and derive a model that simulates both processes, and further estimates xylem diameter changes in a single tree and (b) use the model to reveal the significance of embolism in water transport. Sapflow is modeled by a tension gradient that transpiration creates according to the cohesion theory, and the tension is related to sapwood diameter changes, as described by Irvine & Grace (1997) and Per. am. aki et al. (2001) . In these studies embolism was not considered. Per. am. aki et al. (2001) showed that such a model predicts diameter changes from measured shootlevel transpiration in a Scots pine tree. The study of Sevanto et al. (2001) revealed that xylem diameter changes followed quite well stand-level evapotranspiration during summer. Earlier works by e.g. L .
ovdahl & Odin (1992) have concerned the entire stems, including the bark. In this study the changes in the bark and phloem are excluded. Xylem diameter variations have been measured by Invine & Grace (1997) and Per. am. aki et al. (2000) and xylem variations directly reflect changes in the water tension in xylem conduits.
For embolized conduits tension is locally released and permeability decreased, and these should reflect on the xylem diameter change. Thus, we hypothesize that simultaneous transpiration and xylem dimension change measurements can be linked to study the frequency and extent of embolism under field conditions through similar modeling exercises as we present here. We first give a short overview of classical nucleation theory and explain the physical mechanisms of the air-seeding process and the growth of pre-existing bubbles. Next, we describe the model. The results concern the effect of embolism on water relations in the stem and the appearance of embolism in stem sapwood diameter variations. Sensitivity to some parameters is also tested.
Theory
First, we define the terms related to processes possibly leading to embolism, the occlusion of a conduit by a gas bubble. Embolism is complete when the gas pressure reaches the atmospheric value. In the literature, the term cavitation has been generally used for all these processes, although physically it is a special case of nucleation. In cavitation, gas bubbles are formed within a liquid in regions of low pressure and at constant temperature, and nucleation is generally the process of spontaneous formation of the new phase within the volume of a pre-existing phase. Once the initial cavitation (nucleation) step has occurred, the tiny nucleus of the new phase tends to grow rather rapidly. Whether cavitation in physical terms, i.e. actual nucleation of the initial nuclei by phase transition from liquid to gas, occurs is not known. In air-seeding no phase transition occurs in the formation of the initial bubble which is able to grow further, because the water under tension pulls the gas (air) from adjacent embolized conduits through pores in the pit membrane. (Zimmermann, 1983) . Only after the initial bubble has been released into the conduit bubble growth by vaporization can occur. Release of pre-existing bubbles from the surface cavities is similar to air-seeding, and the separated bubble further grows by vaporization and diffusion of the dissolved air into the bubble.
CAVITATION BY HETEROGENEOUS NUCLEATION
We consider only heterogeneous cavitation, since the formation probability of bubbles by homogeneous nucleation is very small. The probability that a vapor nucleus will form on a solid surface and a cavitation event will occur can be calculated according to the classical nucleation theory (Brennen, 1995) . For a vapor nucleus to be thermodynamically in a state to grow, the nucleus formed by random fluctuations must be larger than a critical size. Surface tension will dissolve bubbles smaller than this. The probability of forming a void of the critical size is dependent on the tension and temperature of water and the forces at the surface/water/ vapor interfaces. A parameter that relates these surface tension forces between different phases is the contact angle of the three-phase interface (Debenedetti, 1995) . The contact angle is a measure of wettability. A surface with a contact angle in excess of 901 is hydrophobic and a contact angle less than 901 is hydrophilic.
The nucleation rate, the rate at which macroscopic vapor bubbles form, has been calculated to be (e.g. Blander & Katz, 1975 )
where J is the nucleation rate giving the number of nucleation events per unit area of the foreign surface (conduit wall or impurities) and unit time. J 0 is a kinetic pre-factor proportional to N 2/3 , where N is the molecular density, k is the Boltzman factor, T is the temperature, (p v -p l ) is the difference between saturation vapor pressure and liquid pressure, respectively, and F is a factor dependent on the contact angle. The value of F can be calculated from geometrical considerations and was found to be (Blander & Katz, 1975) 
where y is the contact angle. The formula assumes that the surface is flat. The effect of curvature of the surface acting as a nucleation site can be estimated (e.g. Pruppacher & Klett, 1997) , but it is marginal here since the size of the conduit is much larger (order of tens of micrometers) than the critical size of embryo (order of hundreds of nanometers). Generally, the curvature may play a role due to inhomogeneities at the microscale, but it is not considered here. When the nucleation rate is known, the probability that a single conduit has gone through a cavitation event can be estimated. A single nucleation event is enough to fill the conduit with the gas. The pits between adjacent conduits act as valves so that the process is limited to only one conduit. Nucleation is a stochastic process, which means that the formation of a critical embryo, i.e. a successful nucleation act, is not dependent on the number of trials that have occurred previously and that different nucleation events are independent of each other. Since the probability that a single molecule at surface A becomes the center of a critical nucleus during a certain observation time is very small, this gives rise to the Poisson distribution and, accordingly, the probability that a conduit still contains liquid after time t is e ÀJtA , and hence the probability for cavitation is (e.g. Koop et al., 1996) 
AIR-SEEDING
In air-seeding, the water under tension tends to pull gas (air) from adjacent embolized conduits through pores in the pit membrane. Surface tension forces resist the retraction of air by curving the air/water interface until the curvature is that of the pore. For calculating air-seeding in a conduit, a simple formula is used. The radius of curvature of the interface is related to the pressure difference over the interface by Laplace's law. If the pressure difference at the air/water interface becomes sufficiently large, the meniscus passes through the pore and the air is released into the conduit. Now water can vaporize into the air bubble (Zimmermann, 1983) . The maximum pressure difference that can prevail over the pore is (e.g. )
where g is the surface tension of water and r is the radius of the pore in the pit membrane. The size of the pore has the value of the largest pore in all the pit membranes in the conduit, which connect a functioning conduit to an air-filled embolized conduit.
RELEASE OF THE PRE-EXISTING BUBBLES
The third mechanism considered is the release and growth of stabilized air or vapor bubbles from cracks or crevices in conduit walls or solid impurities. Air/vapor bubbles most efficiently stabilize against dissolution by surface tension forces in steep hydrophobic cracks. The shape of the gas-liquid interface is governed by the radius of curvature of the interface and is a function of pressure, contact angle, shape, and size of the crevice at any one time (Winterton, 1977) . When sufficiently large tensions are developed in the liquid, the interface is drawn into the liquid. The release of bubbles from an idealized conical crevice occurs when the pressure difference across the gas/liquid interface is equal to (Apfel, 1970 )
where b is half the apex angle of the conical crevice, r crevice is the radius of the crevice and y r is the receding contact angle which is the contact angle of the receding liquid/surface interface.
Model Description
The model consists of two submodels: (1) the submodel predicting the embolism rate according to the equations given above and (2) the submodel calculating the sapflow rate and stem diameter variations according to Per. am. aki et al. (2001) . The sapflow model calculates the water pressure and it is fed as input data to the embolism model. The results from the embolism model are fed back to the sapflow model for calculating the sapflow and water pressure. First, we describe the models in their broad outlines, and the parameterization is given after that.
THE EMBOLISM RATE SUBMODEL
The embolism rate is calculated using eqns (1-5), alternatively using eqns (1-3) for heterogeneous nucleation, eqn (4) for air-seeding, or eqn (5) for release of pre-existing bubbles. If the stem concerned is homogeneous with unvaried known quantities, the theoretical scheme presented in the previous section fully describes the filling of conduits by the gas. However, the system most likely consists of conduit populations whose properties vary. Thus, distributions have been given for those parameters that affect embolism vulnerability: the wettability of conduit surfaces, sizes of the single largest pores in the intervessel pits, and sizes of the largest crevices in the conduit walls.
SAPFLOW SUBMODEL
The model calculates the diameter changes of a tree from transpiration and soil water tension according to the cohesion-tension theory: axial water flow is caused by a pressure gradient, and water removal at the distal end of the transport matrix propagates tension in the water column that drives water down the pressure gradient and leads to xylem diameter changes (Per. am. aki et al., 2001) . The model tree is presented schematically in Fig. 1 . Diameter changes are assumed to be reversible (in situations of no embolism). The model tree is divided into equally long segments and the mass balance equation
where m w;i is the mass of water (water content) in segment i, and Q in;i and Q out;i the corresponding values of inflow and outflow rates, and dm cav,i /dt the mass of water released from embolizing conduits, are solved for each tree segment. The term dm cav,i /dt is the so-called capacitance term, which accounts for the water that is released from embolizing conduits, i.e. storage elements. The mass released from embolizing conduits is calculated by the volume of embolizing conduits multiplied by the density of water. When an embolized conduit fills up with vapor or air, water from the conduit is pushed out by positive pressure, and the water from phase transition becomes available for transport. The inflow rate is calculated by Darcy's law (e.g. Nobel, 1970) , which combines waterflow with the pressure gradient of a segment
where P i is the water pressure of segment i, k (m À2 ) is the water permeability of wood, Z is the dynamic viscosity (N s m À2 ) of water, l is the length of the segment (same for each segment), A i is the area of water-conducting sapwood, r is the density of water, and f k,i is a factor accounting for the loss in permeability due to embolized conduits in segment i: The factor f k,i is explicitly written as
where r i is the radius of each functioning conduit. The formula rises from the r 4 dependency of average laminar flow velocity through a cylinder (e.g. Zimmermann, 1983) . The changing hydrostatic pressure along the stem is accounted in the values of the pressure.
Hooke's law gives the relationship between changes in diameter d i and pressure P i (Irvine & Grace, 1997) and including the effect of embolism it reads
where E r is the elastic modulus of wood in the radial direction, d 0;i is the initial diameter of the xylem segment, and f cav,i is a factor due to embolized conduits. The factor is the ratio of the cross-sectional area of unembolized conduits to the cross-sectional area of all conduits:
The factor f cav is included because embolized conduits do not develop tension as do functioning conduits. Air in them is under positive pressure, and they must be hydraulically isolated from adjacent functioning conduits. This may lead to the fact that the volume of embolized conduits and hence their diameter is not reduced by tension in functioning conduits. This holds if the xylem is considered to be non-homogeneous tissue in which the pressure varies so that it is higher in embolized conduits and lower in functioning conduits. On the other hand, the xylem may be considered to be more homogeneous where the pressure is the same throughout the xylem, in both embolized and functioning conduits, and in this case factor f cav is equal to unity. In model simulations, we consider both situations as extreme cases of real behavior.
As a result of an embolism event the conduit is expected to swell suddenly, because the pressure inside it reaches the pressure of the gas, which is somewhere between saturated vapor pressure and the atmospheric pressure. This is modeled as a sudden increase in sapwood diameter, so that the diameter is increased by the fraction of conduits embolized times the diameter change that would occur if all conduits swell to the initial diameter they would have had were their pressure to be atmospheric. This is modeled as
where d n,i is the new diameter of the sapwood, d o,i is the old diameter of the sapwood, and d atm,i is the diameter of the sapwood at an atmospheric pressure of 0.1 MPa, t is the time, and Dt is the length of the time step. This equation is used simultaneously with eqn (8), eqns (8) and (9) have only a very minor influence on the water tension of the tree. The effect is only distinguishable in diameter changes. A geometric equation for cylindrical stem segments reveals the relationship between changes in diameter and water content of a segment:
Finally, substituting eqns (8) and (10) in to eqn (7) gives the relationship between diameter change and flow rate. Some simulations also include embolism repair. This means that gas-blocked conduits become functional water conduits again through air dissolution. It has been shown in some studies that certain species are able to reverse embolism even at negative pressures (e.g. Canny, 1997) . Since detailed reversing mechanisms are under discussion (Hollbrook & Zwieniecki, 1999) , a simple approach in modeling reversing is used here, so that reversing of embolism starts with a constant rate when transpiration ceases and the pressure in the xylem reaches a certain threshold value. The rate is adjusted in such a way that it allows for complete repair during the night. In the case of refilling, the term dm cav,i /dt in eqn (6) becomes negative because of water movement from the transpiration stream to the refilling conduit. According to eqn (9), conduits also contract when tension is transmitted to them.
MODEL PARAMETERIZATION
We consider only heterogeneous nucleation and air-seeding, the growth of pre-existing bubbles being physically similar to the latter one.
Embolism Rate Submodel
The parameterization values for embolism calculations are given in Table 1 . Equation (3) depends on both y (via J) and A, whose values for real conduits are uncertain and those chosen for this study best reveal the role of embolism in dynamics of stem diameter variations and sapflow. Hydrophobic area is totally of the order of 1 mm 2 . The largest contact angles in each conduit have been divided into 100 classes with the frequency of each class being determined by the normal distribution. The cavitation rate is very sensitive to the contact angle and the chosen values are around the critical one. For the airseeding mechanism conduits have been divided into 30 000 classes according to their largest pore size in any pit membrane in the conduit. The frequency of each pore size class follows a normal distribution.
The embolism rate in the stem is calculated from tensions at the topmost stem segment and, for simplicity, is made the same throughout the entire stem. This corresponds to assigning a variation in vulnerability according to stem height so that the embolism rate would remain unchanged as a function of height. Another possibility would be to have a constant vulnerability to embolism throughout the stem so that the embolism rate would increase on moving up the stem.
Sapflow Submodel
The parameterization values of the tree and soil are given in Table 2 . The model tree is divided into 50 segments. Each segment has constant xylem diameter and constant values of elasticity and initial permeability. The initial value of water mass in each segment is calculated to be one half of the product of the segment volume and the density of water. The resistance of the roots and soil root interface is estimated to be 40% of the total initial resistance from the soil to the topmost stem segment (Per. am. aki et al., 2001) .
The values used in the model for temperature (the model is insensitive to temperature value), saturation vapor pressure, surface tension of water, and viscosity are 151C, 1.7 kPa, 0.073 N m À1 , and 1.0019 Â 10 À3 Nsm
À2
. Equation (8) is solved with eqns (10) and (11) using the fourth-order Runge-Kutta method (Press et al., 1989) . The pressure difference between successive tree segments is updated after each 0.1 s time step. Transpiration is used as input data for the outflow from the topmost stem segment, and the inflow of each segment is the outflow of the lower segment. The other input is soil water tension, which is linked to the tension at the base of the tree by Darcy's law, using an estimate for conductivity between the soil and the tree. The number of segments and the value of the time step should be chosen so that changing the values does not have any noticeable influence on the results.
Results
The effect of embolism on xylem water tensions and xylem diameter changes is presented under different assumptions made for the effects of embolism on sapflow processes. Sensitivity to different variables is also considered. Only one embolism mechanism is included in each model run. The results are presented mainly for the top of the tree at 13 m, with the results from other heights being similar.
COUPLING OF TRANSPIRATION AND STEM DIAMETER
The main input, which drives the sapflow and further the stem diameter variations, is transpiration. At the beginning of the simulation the model tree shows only a hydrostatic pressure gradient with no net waterflow. We tested the response of the model to transpiration, using various daily patterns for the transpiration rate. The resulting diameter variations corresponding to the sinewave-like and step function patterns are presented in Fig. 2(a) . Under actual clear-sky conditions, the diurnal transpiration rate for a single tree typically resembles a sine wave during daytime and is close to zero at night. The Figure 2(b) shows the corresponding sapflow rate at the bottom of the stem which follows transpiration with a short time lag of a few minutes. The calculations were made without embolism, i.e. the factors f cav;i ; f k;i ; and dm cav,i /dt were set at unity and zero, respectively, in eqns (6-8). The maximum tension reached values of about 0.5 MPa (i.e. the pressure is -0.5 MPa in absolute pressure).
EFFECTS OF EMBOLISM
Decrease in hydraulic conductivity due to embolism with increasing water tension has been extensively measured, especially under laboratory conditions (e.g. Tyree & Sperry, 1989 ). This can be simulated by the model and air-seeding vulnerability curves for different pore size distributions are presented in Fig. 3 . A smaller standard deviation corresponds to a steeper curve where conduits embolize in a more narrow tension margin. A change in the mean value of pore size shifts the onset of embolism and the vulnerability curve, but does not affect the shape of the curve.
Tension, diameter change, and ratio of embolized conduits are shown in Fig. 4 for the sinewave-like transpiration pattern described in Fig. 2 , accounting for the effects of embolism by air-seeding. Parameterization is that in Tables 1  and 2 , corresponding to vulnerability curve 3(a). The non-embolism cases are shown for comparison. No reversing of embolism is allowed for. Embolism causes a loss in permeability, which leads to an increasing trend in daily tension amplitude. The lowered permeability induces a larger pressure gradient according to Darcy's law, and therefore higher tensions are needed for transporting the same amount of water, which is fixed here. The smaller tension values at peak transpiration on the first days compared with the non-embolism case result from the release of water to the transpiration stream from embolized conduits and the consequent relaxation of tension. The tension peak is broader, i.e. the tension shows a relative higher value for a longer period. All these results arise from the factor dm cav /dt in eqn (6). Diameter change [ Fig. 4(b) ] follows the tension if the factor f cav is set at unity in eqn (8) and thus the instantaneous swelling of conduits due to embolism is not included [eqn (9)].
If f cav is included in eqn (8), the minimum stem diameter remains larger (diameter change amplitude smaller). Since the pressure inside embolized conduits is positive, the xylem diameter is larger compared with cases of no embolism or embolism with a value for f cav of unity [eqn (8)] and no swelling [eqn (9)]. Finally, at night when the tension decreases the diameter becomes larger, because some conduits have swelled during the day when embolized.
The reduction in permeability (see Fig. 3 ) follows directly the increase in embolism ratio since no variation in conduit diameter exists. At the beginning all conduits are non-embolized, and the embolism ratio increases every day as higher tensions are reached [ Fig. 4(c) ]. Embolism starts on the first day at approximately 8.30 a.m. as the tension reaches its threshold value of 0.3 MPa for the onset of embolism and ends after 2.00 p.m. on the first day as tension begins to decrease. In the non-embolism case tension begins to decrease with decreasing transpiration at 12.00 p.m. and short time lag is observed between the tension at the top and transpiration. Each day embolism starts at larger tensions, since the most vulnerable conduits have already embolized on preceding days.
In Fig. 5 the same calculations are made as in Fig. 4 , but heterogeneous cavitation is used as the embolism mechanism. The results for heterogeneous cavitation are qualitatively almost indistinguishable from results for air-seeding. Differences in embolism magnitude compared with those seen in air-seeding result mainly from differences in vulnerability and do not characterize the mechanism that induces embolism. One difference is that the embolism ratio continues to rise even after the tension begins to decrease. Being a stochastic process this makes the tension, diameter change, and embolism ratio figures more rounded in shape. In the case of airseeding, embolism stops when the tension begins to decrease.
In Fig. 6 refilling of embolized conduits is also included and refilling as transpiration ceases. From this moment onward the recovery rate (number of conduits recovered per unit time) is set at a fraction of 0.108 of all the conduits in the stem section per hour, resulting in the behavior shown in Fig. 6(a-c) . The tension of water and thus the capability for recovery follows the transpiration pattern with a short time lag.
The tension and diameter changes resemble those presented in Fig. 4 , but differences between embolism and non-embolism cases remain similar each day due to recovery at low pressures. A behavior different from that in the case of nonembolism is also observed when tensions decrease due to the effects of embolized conduits refilling as tensions and diameter changes later attained their steady-state non-transpiration value resulting from water being drawn into refilling conduits. An increase in tension and diameter change is also observed when the conduits are still refilling and transpiration has already ceased. This increase in tension is due to water being removed from adjacent functioning conduits at night. In the figure pertaining to change in diameter it can also be seen that the conduit diameter decreases as conduits contract following refilling [eqn (9)], due to the fact that tension is transmitted back to these conduits. The differences in tension, diameter change, and embolism ratio figures can be seen more readily compared with the non-embolism case when the vulnerability to embolism is greater. The simulations emphasize the influences of the refilling following the cessation of transpiration and in reality the changes in the stem diameter during the refilling may be much smoother.
Peaks in diameter changes come slightly earlier than in tension because the swelling of conduits begins to increase the diameter. The Tables 1 and 2. embolism ratio, tension, and diameter change are the same every day, because the tensions attain an approximately constant magnitude daily due to the absence of permanent losses in permeability and elasticity of the stem. Water released to the transpiration stream when embolizing, and removing water from the transpiration stream when recovering, give rise to smaller amplitudes of tension and diameter changes.
In Fig. 7 the sensitivity of tension and embolism ratio to transpiration and soil water tension is presented. We considered three cases; first one with transpiration rate of Fig. 2 multiplied by a factor of 1.1, while in the second the same occurs, except that in the presence of embolism the transpiration rate is lowered by the amount of loss shown in hydraulic conductivity. This mimics the stomatal control of transpiration in response to reduction in permeability due to embolism (Sperry & Pockman, 1993; Hubbard et al., 2001) . In the third, the relative soil water tension is raised to -0.1 MPa. The degree of embolism is sensitive to transpiration rate and soil water tension. In both cases these changes lead to ''runaway embolism'' over several days without stomatal control.
Discussion and Conclusions
As a consequence of any type of embolism the permeability of wood is reduced, and water is released to the transpiration stream. If changes in elasticity are not accounted for, embolism generally tends to enhance the amplitude of the diameter changes, due to reduced permeability and increased tensions. In the case of reduced elasticity, embolism gives rise to smaller amplitudes of diameter changes. In addition to Tables 1 and 2. changes in amplitude, a decreasing trend in diameter due to embolism may occur. The significance of these effects is minor if embolized conduits are able to recover.
One of the new themes in this model is the explicit use of capacitance. This means that water can be thought of as being stored in functioning conduits and can then be drawn on when enough tension is developed as a consequence of embolization. Embolization of conduits is a major source of water storage capacitance in the tree. Implicitly, capacitance models also assume it. We attempt to model physically how water is drawn on as tension increases. One difficult aspect of this model is that the mechanisms responsible for recovery, which has the opposite effect on the capacitance term as compared to embolization, are not well understood (Hollbrook & Zwieniecki, 1999; Tyree et al., 1999) .
When embolism is modeled the physics of a single conduit and dynamics at the tissue level are accounted for. The tissue-level dynamics is linked with transpiration as well as with conduit distribution. Results show that sufficient differences between embolism-and non-embolismassumed behavior can be distinguished in field measurements. However, there is a multitude of constants and variables in the model that influence the results obtained in the model runs: hydraulic conductivity and radial elasticity of the stem, leaves, and roots, soil water tension, the distribution pore sizes and contact angles in stem, leaves and roots, the ability to recover from embolism by refilling of embolized conduits, the form of the transpiration pattern, the response of the stomata to reduced permeability, soil water pressure, VPD, temperature and the geometry (width and length of stem) of the model tree. The results presented in this paper were obtained by means of theory and formulas for air-seeding and heterogeneous cavitation. If the different mechanisms (cavitation, air-seeding, and bubble growth) generate the same embolism rate and number of embolized conduits, the different embolism mechanisms should not show different behavior in the diameter changes. Physically, the mechanisms are different, and cavitation proceeds in a stochastic manner and could cause a different time evolution compared with other mechanisms. If the embolism mechanism is heterogeneous cavitation, an explicit vulnerability curve cannot be obtained due to time dependence, and the embolism rate on a certain tension is dependent on how long the tension occurs. However, it was revealed in this study that the big role of tension lowered the stochastic component, and thus the different embolism mechanisms basically show the same kind of behavior regarding the sapflow process and diameter variations, especially since there also exists a broad range of possible values for governing parameters. Because tension is released after embolism events, the occurrence of further embolism events is lowered and the events tend to shift towards a more uniform distribution in time. The gas produced by cavitation and air-seeding may also differ in composition and pressure, since pure water vapor bubbles can be formed by cavitation. However, in this case diffusion of air increases the pressure and the amount of air rather quickly (Lewis et al., 1994) .
The contact angle classes required for heterogeneous cavitation on smooth and flat surfaces are very large. Zwieniecki & Hollbrook (2000) recently measured contact angles for conduit walls in many species and found values of about 501. For a cavitation event to be probable under conditions prevailing in the xylem sap, the contact angle in a smooth conduit wall would have to be in excess of 1701 over a fraction of the surface. This implies that extremely hydrophobic surfaces over a fraction of the conduit wall surface are required and in other words suggests that the adhesion at those sites between water and walls should be very minor, if cavitation (i.e. phase transition) occurs at the pressure and temperature ranges considered here in the sapflow model. It is known that hemicellulose, which is the main constituent of the conduit walls, is hydrophilic and thus not a probable surface for heterogeneous cavitation. The conduit wall also consists of lignin, which is hydrophobic (Hollbrook & Zwieniecki, 1999) . But on the microscopic scale the surfaces of conduit walls are not smooth and flat. Other heterogeneities and impurities in the conduit walls and sap, such as gases dissolved in sap and local fluctuations in xylem water tension, could raise the possibility of a nucleation event and thus aid in heterogeneous cavitation. The water released at high tensions from embolism events appears to play an important role in water relations during embolism. The water released can be an important asset to the water balance at high transpiration and can also prevent further embolism. The results show that with the parameters used in calculating Fig. 4 on the first day, the water released from the stem through embolism is as much as 22% of the waterflow from the soil. Without water release from embolized conduits the stem would be much more sensitive to embolism in the short term, due to lack of tension release by water from embolizing conduits, and the tensions would quickly decrease due to embolism, leading to ''runaway embolism''. The water released from embolizing conduits causes no permanent loss in water content of the stem when refilling at night, because water is refilled back into the embolized conduits. Refilling water into embolized conduits causes a temporary decrease in tension, but there is no threat of further embolism due to the low tensions during refilling events. The relative importance of water released from embolizing conduits is dependent on the relative magnitude of transpiration/water drawn from the soil to water in the stem of the tree. Some measurements have been performed, e.g. by Tyree & Yang (1990) and Sperry & Pockman (1993) to determine the relative importance of various mechanisms for water storage, i.e. elastic storage vs. storage by embolizing conduits. These measurements show that the capacitance, i.e. change in water content divided by change in pressure of the tree is much higher at tensions in which embolism occurs than at smaller tensions in which the storage component arises from change in water content of functioning conduits due to elasticity of the conduits. In these studies the capacitance at very low pressures was also very high through release of water from capillary storage elements (Zimmermann, 1983) . In the present study, capillary storage elements have not been considered.
If total reversal of embolism and recovery of hydraulic conductivity are allowed for, the same number of conduits are embolized from day to day if transpiration (VPD) and soil tension remain constant. Naturally, the tree is not as vulnerable to large magnitudes of embolism in the course of more than 1 day when reversal of embolism is present, because the hydraulic conductivity is regained during the night and the day-to-day trend in growing tension is not observed as in the case with no refilling. If recovery is possible, the tree can maintain higher rates of transpiration in comparison with the situation with no refilling. However, without recovery the number of embolized conduits increases from day to day due to an accumulating trend in hydraulic conductivity loss. Only a small change in soil water tension and transpiration led to ''runaway embolism''. The maximum embolism rate without ''runaway embolism'' should correspond to the slope of the vulnerability curve; the steeper the curve, the more difficult it is to control ''runaway embolism''. This could only be avoided in the short term by reducing the transpiration through adjustments in stomatal conductance. The model results show that reduction in stomatal conductance by the same magnitude as the embolism ratio is able to prevent massive embolism.
Trees can avoid excess embolism in at least two ways: by keeping tensions from reaching a certain threshold level for the onset of embolism or by allowing some embolism and adjusting stomatal conductance to decreases in permeability (Jones & Sutherland, 1991; Hubbard et al., 2001) . But stomata do not necessarily respond to changes in permeability. Stomatal conductance can operate to keep leaf potential in range (Saliendra et al., 1995) or stomata can respond to changes in soil tension (Irvine et al., 1998) . The stomata could also be responding to meteorological conditions such as VPD and PAR. The most conservative behavior would be to avoid any embolism, either by stomatal closure or by structural modifications that minimize the possibility of embolism. Structural modifications should lower the permeability, since vulnerability to embolism appears to be correlated negatively with xylem conductance per xylem area (Zimmermann, 1983; Sperry & Saliendra, 1994) . Large conduits appear to be more prone to embolism than smaller ones within an individual tree, although this does not seem to be the case when different species are compared (e.g. Tyree & Sperry, 1989) . In the case of heterogenous cavitation this is revealed by looking at eqn (3), where the probability for cavitation in an individual conduit increases as the surface area (A) of the conduit increases. For air-seeding, the vulnerability to embolism is related to the size of pores in the pit membranes. This implies that larger conduits would have larger pores in pit membranes within an individual tree. Large conduits are also more effective water transporters than smaller ones in embolism-free xylem (Salleo & Lo Gullo, 1986 ). An alternative criterion would be to maximize productivity in the short term even if it involves some embolism, but not too much so as to avoid ''runaway embolism''. Where the criteria are to maximize productivity, it may be advantageous to keep transpiration at a level such that some embolism occurs even if it is irreversible (Jones & Sutherland, 1991) .
In the future, the model will be compared more with existing field data on diameter change and with experiments conducted in the laboratory with sample pieces of wood to clarify the phenomena of embolism and possibly reversal of embolized conduits. More accurate information at the microscopic level on the properties of conduits would be needed in the future to better relate embolism frequency to the thermodynamic state of water.
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